Rectinema cohabitans gen. nov., sp. nov., a rod-shaped spirochaete isolated from an anaerobic naphthalene-degrading enrichment culture Janina S. Koelschbach The anaerobic, non-motile strain HM T was isolated from the naphthalene-degrading, sulfate-reducing enrichment culture N47. For 20 years, strain HM T has been a stable member of culture N47 although it is neither able to degrade naphthalene nor able to reduce sulfate in pure culture. The highest similarity of the 16S rRNA gene sequence of strain HM T (89 %) is with a cultivated member of the family Spirochaetaceae, Treponema caldarium strain H1
Members of the family Spirochaetaceae are free-living or host-associated with some species being pathogenic to humans or animals. Spirochaetes are described as Gramstain-negative, helical-shaped or wave-curved bacteria [1] . In contrast to other bacteria, they possess flagella which are localized within the periplasmic space and are required for their typical motility [2] [3] [4] . For many years, helical morphology and motility represented one of the fundamental characteristics of the phylum Spirochaetes [4, 5] . However, more recently three coccoidal and non-motile isolates belonging to the new genus Sphaerochaeta were described [6] [7] [8] . Sphaerochaeta globosa Buddy T and Sphaerochaeta pleomorpha Grapes T were each isolated from an organohalide-respiring consortium [8] . Remarkably, members of the genus Sphaerochaeta commonly co-occur with species of the genus Dehalococcoides [9] , which are reported to transform a variety of chloro-organic compounds such as tetrachloroethene and trichloroethene via organohalide respiration [10] [11] [12] [13] . The reason for the association between species of the genus Sphaerochaeta and strains of Dehalococcoides mccartyi in these cultures is unclear. Furthermore, 16S rRNA gene clone sequences of members of the family Spirochaetaceae can often be found at sites contaminated with hydrocarbons or chlorinated compounds but the ecological function of these bacteria remains unclear [14] [15] [16] [17] .
After almost 20 years of cultivating culture N47 in the laboratory, strain HM T remained the only abundant member along with the deltaproteobacterium degrading naphthalene [18] . The ratio between the deltaproteobacterium and the spirochaete is 90 : 10 [estimated by terminal RFLP (T-RFLP) analysis of the 16S rRNA genes]. This ratio has stayed stable when comparing the community within the enrichment culture N47 over the past years.
In order to elucidate the function of the spirochaete within this community, the organism was isolated and characterized. Strain HM T represents the first cultivated member of a new phylogenetic branch of free-living spirochaetes that frequently occur in habitats where degradation of aromatic hydrocarbons or chloro-organic compounds takes place [14] [15] [16] [17] .
Strain HM
T was isolated from culture N47 by serial dilution in 2 % (w/v) agar roll tube cultures under fermentative conditions using 10 mM glucose as carbon and energy source amended with 0.1 % (w/v) yeast extract. Colonies were harvested aseptically and anaerobically and transferred into liquid medium with 10 mM glucose, 0.1 % (w/v) yeast extract and 10 µg rifampicin ml À1 . Strain HM T was cultivated in anoxic culture tubes (18Â150 mm) or serum bottles (up to 1 l) containing bicarbonate-buffered freshwater medium (pH 7.0) with trace element solution SL10 [19, 20] . The medium was flushed with N 2 /CO 2 (80 : 20, v/v), and the bottles were sealed with blue butyl rubber stoppers (Glasger€ atebau Ochs). For routine cultivation of strain HM T , the medium was reduced with 0.5 mM Na 2 S and amended with 10 mM glucose and 0.1 % (w/v) yeast extract. The bottles were inoculated using 10 % of a pre-culture and incubated at 30 C in the dark. For the vitamin requirements of the strain, the 7-vitamin solution [20] and vitamin solution 141 (DSMZ) were tested.
Purity of strain HM was checked by growth on different substrates (Table 1) and subsequent microscopy. Furthermore, these cultures were analysed by T-RFLP. No contaminating impurities could be detected.
Substrates were prepared as anoxic stock solutions and added aseptically at a final concentration between 5 and 10 mM to the medium amended with 0.1 % (w/v) yeast extract, casamino acids, tryptone or peptone (Table 1) . In experiments testing for anaerobic respiration, the electron acceptors thiosulfate (10 mM), sulfate (10 mM) and nitrate (5 mM) were added. Growth with H 2 /CO 2 was tested in the presence of 0.1 % (w/v) yeast extract and measured via flow cytometry using a culture grown with only yeast extract as a control. Growth curves were monitored by measuring cell numbers with flow cytometry. For flow cytometry, the samples contained 980 µl reference solution (Trucount Absolute Counting Tubes; BD Bioscience) resuspended in 4 ml sterile PBS, 100 µl bacterial culture (if necessary already diluted) and 3 µl SYBR Green I (1000Â; Sigma-Aldrich). The samples were incubated for 10 min in the dark and subsequently analysed using a Cytomics FC 500 (Beckman coulter) equipped with a 488 nm (40 mW) and a 638 nm (25 mW) laser. The maximum measuring time was set to 300 s in which a maximum of one million events was counted. A medium flow rate of 30 µl min À1 was used. The discriminator was set to FL1 (green fluorescence) with a threshold of 1. The following parameters were applied for detection: forward scatter 586 V, gain 2.0; sideward scatter 791 V, gain 2.0; FL1 416 V, gain 1.0; FL3 485 V, gain 1.0. Readings were collected in a logarithmic mode (at least 500 reference events per sample) and analysed with the CXP software (version 2.2; Beckman coulter). Each sample was measured in duplicate. Growth in substrate tests was assessed optically by increased turbidity. To avoid false positive growth by substrate carry-over, two consecutive subcultures with the same substrates were done. All substrate utilization tests were performed in triplicate.
For substrate utilization tests using BIOLOG AN MicroPlates, freshwater medium was used lacking sodium sulfide and substrate but amended with 0.1 % (w/v) yeast extract. Prior to inoculation, cells were washed three times with substrate-free medium to avoid substrate carry-over. BIOLOG plates were inoculated at a cell density of 1Â10 ; PerkinElmer) at 595 nm. When growth could be observed on BIOLOG microplates with a specific substrate, the same substrate was tested in batch experiments. The temperature growth profile was determined in triplicate over a range between 12 and 60 C, and the pH growth profile was tested at pH 5, 6, 7, 8 and 9. For pH experiments, an alternative and unreduced potassium-buffered minimal medium was used consisting of 10 mM potassium phosphate buffer supplemented with trace elements SL10 and 0.1 % (w/v) sodium chloride. The pH of the mineral medium was adjusted using KOH or HCl. A nitrogen source (1 mM NH 4 Cl), 10 mM glucose, 0.1 % (w/v) yeast extract as well as 0.16 mM MgSO 4 and 0.4 mM CaCl 2 were added to the sterile anoxic medium. To determine the salinity growth profile, sodium chloride concentrations between 0.1 and 5 % (w/v) were tested in freshwater medium.
Thioglycollate broth (Sigma Aldrich) was used as recommended by the manufacturer to test whether strain HM T was strictly anaerobic or might tolerate small amounts of oxygen. The reducing agent thioglycollate allowed the formation of anoxic zones within the tube containing medium. The Hungate tube (16Â125 mm) was closed with a loose cap allowing oxygen to diffuse into the top layers of the broth. Presence of oxygen within the medium was indicated by resazurin. To further test the tolerance of strain HM Membrane lipids were extracted with chloroform/methanol/water from 65 mg wet weight of cells grown with glucose as described by Bligh and Dyer [21] . Fatty acid methyl esters (FAMEs) were prepared by 15 min of incubation at 95 C in boron trifluoride/methanol using the method of Morrison and Smith [22] and were extracted with hexane. Fatty acid analysis was performed using an Agilent 6890N gas chromatograph with a flame ionization detector (FID) detector (Agilent Technologies; capillary column: CP-Sil 88, 50 m; Chrompack). The oven temperature was set to 40 C for 2 min followed by a temperature gradient to a final temperature of 220 C with an increase of 8 C min
À1
. The injector was at 240 C, and the flow was in splitless mode with helium carrier gas. The detector was set at 270 C. A qualitative standard of bacterial FAME [bacterial acid methyl ester (BAME) mix, Supelco; Sigma Aldrich] was used to identify the peaks detected.
DNA was extracted using the DNasy Minikit (Qiagen) from 5 ml culture of strain HM T in mid-exponential phase of growth following the manufacturer's protocol. 16S rRNA gene fragments were amplified via PCR using the Ba27f-FAM/907r primer set [23] . The amplicons were purified using aPCRextract kit (5Prime) according to the manufacturer's protocol. T-RFLP analyses were performed with the forward 5¢-6-carboxyfluorescein (FAM)-labelled primer Ba27f and the unlabelled reverse primer 907r. The purified amplicons were restricted with MspI and separated by capillary electrophoresis as reported previously [15] .
For direct sequencing of the 16S rRNA gene, the primer set Ba27f [23] /Ba1492r [24] was used. The amplicons were purified and sequenced by Eurofins Genomics (Ebersberg, Germany) using the primers mentioned before and additionally the primers Spiro_640f (5¢-TTGAGTTATGGAGAGG-GAGCTAG-3¢) and Spiro_731r (5¢-CGCACCTCAGCGT-CAGTCATCGG-3¢). Sequence data were analysed with the Chromas Lite software (version 2.1.1; Technelysium). Phylogenetic trees were generated using the MEGA6 software [25] . The alignment algorithm utilized MUSCLE with the neighbourjoining method.
The DNA G+C content of strain HM T was determined at the DSMZ (Braunschweig, Germany).
Gram staining was performed by using a Gram staining kit (Sigma Aldrich) as defined by the manufacturer. Catalase activity was determined by placing 30 % hydrogen peroxide (Carl Roth) on a cell pellet of a freshly grown culture on a fluted filter. Oxidase activity was determined by a solution of 1 % (w/v) N,N,N¢,N¢-teramethyl-1,4-phenylendiammonium dichloride. Bacillus subtilis and Escherichia coli were used as reference strains.
For transmission electron microscopy (TEM) analysis, Rectinema cohabitans gen. nov., sp. nov. HM T cells were fixed with 2.5 % (w/v) glutaraldehyde for 30 min at room temperature. Cells were concentrated by centrifugation and applied to carbon-coated 200 mesh copper grids (Plano). The samples were negatively stained with 2 % (w/v) uranyl acetate for approximately 1 min. The TEM micrographs were recorded with a FEI CM12 transmission electron microscope (operated at 120 kV; FEI) using a slow-scan chargedcoupled device camera (TEM-0124; TVIPS).
After 5 weeks of incubation, strain HM T formed circular, convex elevated, smooth colonies with a diameter of 0.5-1 mm on the agar surface. The colonies were white and almost translucent with a viscous consistency.
Cells of strain HM
T did not show the characteristic spiral morphology of most spirochaetes. During all growth stages in liquid bicarbonate-buffered freshwater medium, the cells were rod-shaped with a size of 0.3-0.5 µm in diameter and 1-2.5 µm in length (Fig. S1 available in the online Supplementary Material). Microscopic studies of earlier cultivations of the enrichment culture N47 never revealed the presence of a typical spirochaete, which might have indicated a loss of the spiral shape during cultivation.
The cells were resistant to rifampicin (10 µg ml À1 ) but sensitive to ampicillin (100 µg ml À1 ), chloramphenicol (34 µg ml
À1
) and kanamycin (50 µg ml
). The rifampicin resistance is a typical characteristic for the family Spirochaetaceae and is probably due to a low affinity of spirochaete RNA polymerase for the antibiotic [26] [27] [28] .
Growth of strain HM
T was dependent on the presence of 0.1 % yeast extract or tryptone, which could not be replaced by either a vitamin solution or by 0.1 % peptone or 0.1 % casamino acids (Table 1) . Lower concentrations of yeast extract or tryptone (0.01 %) were not sufficient to support growth, but at higher concentrations (1 %) these could be used as a sole substrate by the organism.
The isolate was able to grow in the presence of 0.1 % NaCl but growth was reduced with 1 % NaCl. No growth was detected with 2 % NaCl or higher salt concentrations. In standard experiments, strain HM T was cultivated in the presence of 0.1 % NaCl. The following substrates supplied by BIOLOG AN MicroPlates supported growth: D-glucose, D-fructose, L-fructose, D-galactose, lactose, lactulose, Dmannose, melezitose, melibiose, sucrose and pyruvate; whereas mannitol and glycerol were not metabolized. Moreover, the isolate was able to use the amino acid L-valine as a substrate. Acetogenic growth with H 2 and CO 2 as electron and C source was not observed in freshwater medium. Acetogenesis from H 2 and CO 2 was described for spirochaetes isolated from termite hindguts such as Treponema primitia ZAS-2 T but not for Treponema isoptericolens SPIT5 T [29] [30] [31] . It has been suggested previously that members of the family Spirochaetaceae act as acetogens in contaminated environments [10, 17] . However, in pure culture, acetogenic growth could not be demonstrated for strain HM T , Sphaerochaeta globosa Buddy T or Sphaerochaeta pleomorpha Grapes T [8] .
Within the enrichment culture N47, the deltaproteobacterium was reported to degrade naphthalene and 2-methylnaphthalene [18, [32] [33] [34] . The pure culture of strain HM T did not grow in bicarbonate-buffered freshwater medium supplied with naphthalene as sole electron source and sulfate as electron acceptor. However, the spirochaete has been a stable member of the enrichment culture N47 for many transfers (Fig. 1) indicating that the deltaproteobacterium must provide a so far unknown electron and carbon source for the spirochaete. Possible electron sources for the spirochaete might be dead biomass or metabolites which are excreted by the deltaproteobacterium during anaerobic naphthalene degradation [35] . However, strain HM T was not able to reduce electron acceptors such as sulfate, thiosulfate or nitrate in freshwater medium amended with glucose or acetate as electron donors and should thus perform a purely fermentative metabolism. Similarly, neither of the so far characterized environmental spirochaetes Sphaerochaeta globosa Buddy T or Sphaerochaeta pleomorpha Grapes T was able to degrade acetate in presence of possible electron acceptors [8] .
Mutualistic interaction between a spirochaete and another micro-organism has been described before. Recently, syntrophic acetate oxidation was reported for spirochaetes together with hydrogenotrophic methanogens in anaerobic digestion systems [36, 37] . Furthermore, Treponema caldarium was not able to grow on cellulose in pure culture; however, it was shown to enhance cellulose degradation by Clostridium thermocellum in coculture [38] .
Strain HM
T grew at a temperature range between 12 to 50 C with an optimum at 37 C and a pH optimum between pH 6 and 7. Under optimal conditions with 10 mM glucose and 0.1 % yeast extract at 37 C, the doubling time of strain HM and subcultures incubated at 30 C grew after a lag phase of 2-7 days. The cells were catalase-and oxidase-negative. However, short-term exposure to air did not inhibit growth. In presence of up to 1.5 % oxygen in the headspace and without reductant in the medium, strain HM T was still able to grow, although with lower rates compared with control experiments under strictly anoxic conditions. Tolerance to low amounts of oxygen has already been described for other catalase-negative spirochaetes such as Spirochaeta perfilievii, Sphaerochaeta globosa Buddy T and Sphaerochaeta pleomorpha Grapes T [8, 39] .
In experiments using thioglycollate broth, growth of strain HM T occurred as a disc in the anoxic part. After longer incubation (more than 2 weeks), growth occurred in the whole anoxic part (beneath the initial disc) further supporting that strain HM T can grow under strictly anoxic conditions.
Motility of strain HM T was not observed during any stage of growth in either liquid or in semi-solid (0.8 % agar-agar) medium under various substrate, pH and temperature conditions. Moreover, flagella were not detected by electron microscopy. The major filament protein FlaB is well conserved between different spirochaete species, and flaBmutants of Borrelia burgdorferi have been described as nonmotile and rod-shaped whereas wild-type cells showed a flat-wave morphology [3, 40] . Primers, which were originally designed to amplify the flagella genes flaB2 and flaB3 in Treponema maltophilum [41] failed to produce amplicons with template DNA from strain HM T , whereas DNA from Treponema maltophilum (positive control) yielded amplicons of the expected size. This agrees with the finding that other non-spiral spirochaetes belonging to the new genus Sphaerochaeta also do not contain the fla genes of spiral spirochaetes [9, 42] .
During the exponential phase of growth, the cells stained Gram-negative.
The membrane fatty acids composition of strain HM T was dominated by the saturated and mono-unsaturated fatty acids C 14 : 0 (11.2 %), C 16 : 1 !9t (24.4 %), C 16 : 1 !9c (11.4 %), C 16 : 1 !11c (15.8 %) and C 18 : 1 !13c (25 %) ( Table S1 ).
The DNA G+C base content of R. cohabitans gen. nov., sp. nov. HM T was 51.5 mol%. T-RFLP analyses of the 16S rRNA genes within the enrichment culture N47 identified two organisms, a deltaproteobacterium [(513 bp terminal restriction fragment (T-RF)] and a spirochaete (208/212 bp T-RF) ( Fig. 1) [18, 33] . In the T-RFLP analyses of strain HM T , the 513 bp T-RF corresponding to the deltaproteobacterium was absent, also indicating the purity of the culture. Two additional T-RFs with a size of 208 and 212 bp were obtained due to multiple MspI restriction sites within the 16S rRNA gene sequence (Fig. 1) . The T-RFLP data indicate that the spirochaete is a prominent and stable member of the enrichment culture despite the fact that it has been transferred every 2-3 months for almost 20 years.
Pairwise 16S RNA gene sequence similarities with the type strains of the genera Treponema, Spirochaeta and Sphaerochaeta were all below 90 %, which is below the defined threshold for delineation of bacterial genera [43] . Comparison with 16S RNA gene sequences of cultivated bacteria showed low similarity (89.5 %) with T. caldarium DSM 7334
T , a free-living, anaerobic, thermophilic carbohydratefermenter with the spirochaete-characteristic motility and a spiral morphology [38] (Fig. 2, Table 2 ). Nevertheless, strain HM T clustered together with endosymbiotic termite gut spirochaetes and the free-living freshwater isolates T. caldarium and Treponema stenostreptum, which were recently reclassified from the genus Spirochaeta [38, 44, 45] .
Interestingly, strain HM T shared high sequence similarity (99 %) with partial 16S rRNA gene sequences of clones belonging to the family Spirochaetaceae from sites contaminated with poly-and monocyclic aromatic hydrocarbons or (poly)chlorinated ethenes (Table S2 ). The latter were reported to represent up to 11 % of total 16S rRNA gene sequences in some contaminated sites [16] and co-occurred with sequences of organohalide-respiring D. mccartyi or members of the class Deltaproteobacteria (aromatic hydrocarbon degraders). Fig. S2 shows a phylogenetic tree containing 16S rRNA gene clone sequences closely related to strain HM T aligned with sequences of members of the genera Treponema, Spirochaeta, Sphaerochaeta and Borrelia. Despite the frequent detection of 16S rRNA gene sequences of spirochaetes at hydrocarbon-contaminated sites, it remains open so far as to what function the new isolate strain HM T fulfills in the environment or in the naphthalene-degrading enrichment culture N47.
DESCRIPTION OF RECTINEMA GEN. NOV.
Rectinema (Rec.ti.ne¢ma. L. adj. rectus straight; Gr. neut n. nema thread; Rectinema straight thread, indicative of a rodshaped morphology).
Rod-shaped cells, 0.3-0.5 µm in diameter and 1-2.5 µm in length. Spiral morphology is not observed. Cells are non-motile without flagella and stain Gram-negative. Mesophilic. Neutrophilic. Chemo-organoheterotrophic anaerobes; fermentative growth is observed with carbohydrates including pentose and hexose monosaccharides and disaccharides. Yeast extract or tryptone is required for growth. Oxidase-and catalase-negative. DNA G+C content of the type strain of the type species is 51.5 mol%. Phylogenetically, the genus belongs to the family Spirochaetaceae, order Spirochaetales, class Spirochaetes of the phylum Spirochaetes. Rectinema cohabitans is the type species. 
